An attempt is made to interpret the strain measured along a strain-pipe embedded in landslide areas with the aid of a continuous curve fitting by cubic spline functions. The aim of the present research is to identify the slip planes in the particular areas as well as to evaluate the current extent of the sliding movement.
INTRODUCTION
Due to the special natural environment such as steep slopes, weak geology, frequent earthquakes, concentrated downpours, etc., erosion and landslides of a slope are easy to occur in Taiwan. In the investigations from 1964 to 1976, the area of landslides reached 15 000 hectares, about 0.4 % of the area of Taiwan. Because of the high population density in Taiwan, it is inevitable to develop the slopeland.
Hence, it is significantly important to study landslides caused by earthquakes and floods. It is urgent to make a technical study on the prevention and treatment of landslidingl3'.
Conventional slope stability analysis is made by the methods of limit equilibrium analyses10 12) and deformation analyses. The limit equilibrium method studies the slope stability by the value of a safety factor. It does not consider the relationship between stress and strain of soil. Hence, we cannot predict the deformation value. On the other hand, the Finite Element Method is a useful tool of deformation analysis. However, the complex subsurface structures as seen in natural slopes may not be realistically modeled by the Finite Element Method. Due to the difficulty in determining soil properties, the probabilistic method is becoming popular. Its shortcoming is that it requires a large amount of experiments to understand the variability of the soil properties.
In recent years, with the development of instrument system, it is possible to observe the soil behavior by means of insitu equipments. Such equipments as inclinometer, pipe strain gauge, extensometer, etc. are commonly used in observations on slopes. In particular, the pipe strain gauge is a simple, economical, and effective apparatus for observations of landsliding. In Taiwan, there are many examples of using pipe strain gauges in the past decade. However, the interpretation of the measured data is not detailed yet. The main subject of this study is to analyze the observed data by numerical methods 2.4> and to determine the sliding surface and sliding displacement. n-1. There are four unknown parameters, Ak, Bk, Ck and Dk to be determined. When t=0, this line passes through the point Pk, its differential value being equal to Pk. When t=1, this line passes through the point Pk+1, its differential value being equal to Pk+1. The boundary conditions are written as (1) Qk (0) =Pk where k=1,2,., n-1 (2) Qk (1) =Pk+1 where k=1,2,., n-1 (3) Qk (1) =Qkf1 (0) where k=1, 2,.., n-1 (4) Q(1)=Q+1(0) where k=1, 2,., n-1
INSTRUMENTATION OF PIPE STRAIN GAUGE
Eqs. (1) and (2) show that Qk ( t) is a set of curved lines which pass through points p1, p2i.., and Pn when k=1, 2,..., and n-1. Eqs. (3) and (4) imply that the first and second derivatives are continuous at points p2, p3i.., and p 1. Substituting the boundary conditions into Eq. (1) yields, A k= Pk Bk=Pk Ck=3 Pk+1-Pk+1-3 Pk-2 Pk Dk=2 Pk-2 Pk+1+Pk+Pk+1 Thus Eq. (1) becomes Qk(t)=Pk+Pkt+(3 Pk+1-Pk+1-3 Pk-2 Pk)t2+(2 Pk-2 Pk+1+P;+Pk+1)t3.. 
Pk+1-2 P;+1) (4) It should be noted here that the continuity of Q and Q', i, e. the bending moment and the shear force, is already satisfied. Therefore, the continuity of Q" or earth pressure is employed to derive a set of equation; Q(1)=Q+1(0), P+4 P k+ 1 + P;+ 2 = -3 Pk+ 3 Pk+ (5) in which k=1,2,.., n-2
Eq. (,5) may be written in matrix form
[141 1 1 P; 1 -3 P,+3 P, PZ I I -3 P2+3 P. 141 11 I
Since Pl, p2..., Pn are observed strain values in Eq. (6), we have n-2 equations and n unknown variables. Hence, it is needed to find two boundary conditions to solve these equations.
For the boundary conditions of a strain pipe The moment and earth pressure acting on a strain pipe at the slope surface is very small and can be assumed equal to zero.... that means, P1 is equal to Q, and the second derivative of Q is equal to 0. 2 As the strain pipe is installed, it must be embedded over a sufficient length into an immovable soil layer or rock bed. The bottom part of the strain pipe must be fixed by bentonite or concrete68, resulting in zero shear force at the bottom end. Hence, the first derivative value P;1 is equal to zero. Substituting Q ( 0) =0 into Eq. (4), we have 2 P;-J-P2=3 P2-3 P1. Appending this equation and P'=0 into Eq. (6) gives
There are n-1 unknown variables with n-1 equations in Eq. (7). Therefore, P;,. P;1 1 can be solved and substituted Eq. (2). The cubic spline equation between two adjacent points is thus obtained.
(2)
Analysis of slide surface and prediction of lateral displacement The mechanical model of a strain pipe in estimating landslide is shown in Fig. 2 . The external load acting on the strain pipe is an unbalanced force of soil embankment or a force caused by earthquake4'' 5>. The external load results in the displacement of a strain pipe in the downslope direction. If the strain pipe has at displacement, y, then the soil around the pipe generates a resistant force of Ksy. The relationship may be written as EI y + Ksy=0 (8) (10) Substituting this in Eq. (9) gives (11) where D is the external diameter of the strain pipe. A continuous strain curve e (x) may be obtained by the aforementioned cubic splines.
In structural mechanics, the curvature of a beam, K, may be derived by (13) where i is the slope of the lateral-displacement curve. When the ratio of "y" of a strain pipe to its length is very small, dy/dx can be neglected. Hence, Eq.
(13) can be simplified as:
Where 2 Because the lowest end of the strain pipe (x=Q) is fixed, the integration constants C1 and C2 in Eqs.
(17) and (18) are both equal to zero. In Fig, 3 , section (a) represents the accumulated strain distribution curve which was obtained from the observed data of the strain pipe by using the cubic spline method. The shear force can be obtained by differentiating section ( As shown in Fig. 3 , at the depth of 7. 7 m under the slope surface, the strain pipe indicated the maximum positive shear force. The soil layer at this elevation developed the maximum shear force as well. This location indicates the boundary between the zone of the passive earth pressure and the resistant force of the bottom soil layer and is regarded as the location of the sliding surface.
TWO TYPICAL EXAMPLES
Discussion is made of two examples in order to examine the proposed method of analysis. The first example is the land sliding in the Er-Jen Mountain which was classified as a shallow layer failure. The second example is the land sliding which occurred in the Lung-Tan district which can be classified as a deep layer failure.
(1) Study on the land sliding in the Er-Jen Mountain The land sliding of the Er-Jen Mountain occurred at the border of Shui-Li and Chung-Liao districts of Nan-Tou county, as shown in Fig, 4 and Fig. 5 . It was quite frequent especially during the rainy s eason. After a continuous torrential rain on June 1, 1985, a landslide caused serious damage t o the bamboo groves and structures in this district. The area of the landslide is about one and half hectares on the northern side of this district. a } The geological and hydrological investigation at the landsliding area The slope of the ground surface is about 24 degrees, From the records of site borings, th e thickness of the top soil is about 4-10 m. It is a mixture of weathered sandstone, shale, and clay. Bel ow this, there are alternating layers of sandstone and shale underlain by mudstone. According to the records of rain gauges installed in this district, the total amount of the rainfall during May and September was about 79 % of the whole year's amount. The relationship between the total amount of rainfall and the ground water level is shown in Fig. 6 . Note should be taken of the water level in May and September. This influences the stability of slopes. b) Analysis of sliding surface and prediction of sliding displacement There were three strain pipes installed in this area. They were in holes No. 2, No. 3, and No. 4 shown in Fig. 5 . The observation period were from October, 1985 to September, 1986. The accumulated strain curves depicted in Fig. 7 were obtained from the observation data of pipe No. 2 by the cubic spline method. The accumulated strain curves show the deformation tendency of the strain pipe. The accumulated strain at 7 meters below the ground surface was greater than 1 000X 10-6 on Jan. 23, 1986. Differentiating and integrating the accumulated strain curve yield the analytical diagram of sliding location as shown in Fig, 7 . By this strain pipe, we can determine that the sliding surface is located at a depth of 5.4 meters below the ground surface, and find the sliding displacement of the observation points equal to around 2 m (Fig. 7) . c) Safety factor of the critical sliding surface To find out the safety factor by the limit equilibrium method, we should first evaluate the shear strength parameters of soil by laboratory test. In this area, there are too much weathered gravels in undisturbed samples, making laboratory testing difficult. Therefore, it is better to run shear tests on remoulded samples. Samples were prepared by compacting the soil with the trial water content. Compaction was carried out in four layers, each given with 25 blows (Fig. 8) . Consequently, the shear strength of the soil in this area were found to be C=0.051 kg/cm2 and q=23. These parameters were put in the computer program STABL 29' and the sliding surface in Fig. 9 were obtained. The safety factor is equal to 0.988.
(Remark 1) d) Additional comments on landslides in the Er-Jen Mountain
In addition to the geological failure, the downpours is another agent that causes the landsliding in the Er-Jen Mountain. As shown in Fig, 6 , the total amount of rainfall between May and Sep. induced very high ground water level. Normally the shear strength decreases sharply as the soil is saturated (Fig. 10) . This is another major reason that causes the landsliding in this area.
The sliding surface identified by the cubic spline method is more or less in agreement with the surface indicated by STABL 29'. (Remark 2) Fig, 8 Remodel Sampling of the Er-Jen Mountain. Hsuing 1978) 2) The location of this landslide is in Shan-Shui Village, Lung-Tan in Taiwan (Fig, 11) . The geology of this district is classified as a deposit of lateritic terrace. Site borings revealed that there is a thick layer of sandy clay. This stratum had a sudden settlement about 12 meters in January, 1975. The range of settlement was about 500 meters long and 150 meters wide. A site investigation showed that there were serious cracks around tube No. 3, and that the top soil was very loose. a) Analysis of sliding surface and prediction of sliding desplacement The strain pipes No. 1, 2, 3, 5 and 7 in this area were installed in a linear configuration (Fig. 12) . The observation period was from March, 1977 to January, 1978. The accumulated strain curve for pipe No. 1 shown in Fig. 13 was obtained from the observed data which was interpreted by the cubic spline method. The accumulated strain value was greater than 1 000X10 -5 at 5 meters and 21 meters below the ground surface on Nov. 10, 1977 . By differentiating and integrating the strain curve, the analytical diagram at the sliding location were obtained (Fig. 14) . The sliding surface for the strain pipe No. 1 passes through the depth of 3.6 meters, 12.0 meters, and 20.0 meters below the ground surface as suggested by the peak shear force. Note that these estimated sliding surfaces are situated slightly above or below the locations of peak pipe strain. The sliding displacement at this observation point is calculated below the ground surface as shown in Fig. 14. b) Safety factor of the critical sliding surface From the results of laboratory soil testing, we can devide the soil parameters into two groups with the boundary at pipe No. 5. The right-hand side is called area A. Shear parameters are Ca=0.08 kg/cm2 and =31. The left-hand side is called area B. Shear parameters are Cb=O.046 kg/cm2, and c=17.2. By using these parameters, the safety factor of critical surface was computed by program STABL 2 to be equal to 0.984. (Remark 3) C) Discussion on the landslide in Lung-Tan district Ol With a reference to Chen Hsin-Hsiung, 1978, we know that the continuous downpours is a major reason which causes the landsliding in this district.
22 Generally speaking, the interface of soil has layers below a shear strength. 
CONCLUSIONS
From the analytical method and the two practical examples described above, we can draw the conclusions as followings (1 ) It is feasible to model the continuous strain variation of a strain pipe by the cubic spline method. The results of analysis are similar to those computed by program STABL 2.
The location of the maximum shear force in the strain pipe is accompanied by the transition from the passive earth force to the soil resistant force. This is considered to be the depth where the failure surface is being developed. 
The distribution curve of strain is classified into two types. A curve which is in bow shape (Fig. 3 ) exhibits a concave shape on the down-slope side. The sliding surface occurs above the point of the maximum strain. A distribution curve which is in "S" shape (Fig. 14) exhibits a convex type in the down-slope side. The sliding point is either below the point of the maximum negative strain or above that of the maximum positive strain. (4) Provided that the bottom tip of the pipe is fixed, the prediction of the sliding displacement of pipe is theoretically accurate. In fact, the reliability of the proposed method thoroughly depends on the fixed end at the bottom. When the pipe does not penetrate into the immovable base, the sliding movement of soil makes the bottom displacement greater than the top displacement. If such a situation is found in the cubic spline interpretation, the penetration of the pipe is understood to be insufficient. Thus, for a thick deposit soil layer, the strain pipe must be installed deep into the immovable layer. (5) The displacement curve of a sliding point suggests a landslide. (6) The size and the location of the sliding surface was found by the cubic spline method, and they were in good agreement with those by the limit equilibrium method. Thus, the proposed method promotes the understanding of sliding types and the control of landslides.
